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ABSTRACT

Thepurposeof thisprojectis to reducetheuncertaintyin ratecoefficientsfor keygas-

phasekineticprocesseswhich impactourunderstandingof stratosphericozone. Themain

emphasisof thiswork is onmeasuringtheratecoefficientsfor thereactionsof HO 2 + 0 3 and HO z

+ NO 2 in the temperature range (200 to 240 K) relevant to the lower stratosphere. In order to

accomplish this, a high pressure turbulent flow tube reactor was built and its flow characteristics

were quantified. The instrument was coupled with tunable diode laser spectroscopy for HO 2

detection. Room temperature measurements of the HO2 + NO2 rate coefficients over the pressure

range of 50 - 300 Torr agree well with previous measurements. Preliminary measurements of the

HO 2 + 03 rate coefficients at 300 torr over the temperature range of 208 - 294 K agree with the

NASA Evaluation from 294 - 225 K but deviate significantly (50% higher) at ~210 K.



1. INTRODUCTION

Over the past three years we have focused on the development of a turbulent flow tube

reactor with infrared absorption detection of HO2 using a tunable diode laser with an astigmatic

multipass cell. Upon completion of the construction of this instrument, the turbulent flow

dynamics for the flow reactor were assessed with a Pitot tube flow speed probe. The

experimental technique and instrument were then validated by measuring the rate coefficient for

the HO2 + NO 2 rate coefficient over the pressure range of 50 - 300 Torr. The rate coefficient for

the HO2 + 03 reaction was then measured at 300 Torr from 294 - 208 K to attempt to and resolve

the long-standing question of the temperature dependence of this reaction at lower stratospheric

temperatures. The instrument and kinetic measurements will be described below. In addition to

the laboratory work, Dr. Kolb has participated in NASA's panel for Data Evaluation helping to

prepare the most recent version of the JPL publication "Chemical Kinetics and Photochemical

Data for Use in Stratospheric Modeling" [DeMore et al., 1997].

Comparisons between measurements and modeling using experimentally determined rate

coefficients and branching ratios have shown that there are still gaps in our knowledge of

stratospheric ozone chemistry. For example, recently reported simultaneous measurements of

HOx, NO x, C10, and BrO radicals demonstrate that the uncertainties in ozone removal rates in the

16 to 20 km altitude region are dominated by the uncertainty in laboratory-measured rate

coefficients for the catalytic cycles involving these species [Wennberg et al., 1994]. Many of the

reactions in question are most amenable to investigation through the use of a flow tube reactor,

especially reactions involving HOz. The investigation of HO2 reactions in a flow tube reactor at

temperatures (200 - 240 K) characteristic of the lower stratosphere has proven especially difficult

due to large HO 2 wall losses at these temperatures and the low pressures (1-10 Torr) of the

traditional operation [Howard, 1979, Kaufmann, 1961] of flow tube reactors.

The low pressure operation of a flow tube reactor allows for uniform concentrations

across the diameter of the flow tube due to rapid diffusion and makes possible a simple conversion

between flow tube length and reaction time using the bulk gas flow speed. At higher pressures,

the diffusion across the laminar flows is not sufficient to eliminate the concentration gradients.
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Molinaandcoworkershavedemonstrated[Seeleyet al., 1993;Seeley,1994]theuseof aflow

tubein theturbulentregimeasa veryusefultechniquefor extendingupwardthepressureregime

of flow tubekinetics. Theuseof turbulentconditionstakesadvantageof eddydiffusionanda

corevelocityprofilewhich isrelativelyflat to allow for asingularcoreflow speedto beusedto

determinereactiontime. Thecoreflow speedcanbedeterminedempiricallybymeasurements

with aPitot tubeprobeandhasbeenshown[Seeleyet al., 1993;Seeley,1994]to requireonly a

slightcorrection(- 10%)to theaveragegasflow speed.Thelaminarlayerat thewall effectively

separatesthewall from thecoreflow. Thisreducespossibleproblemsdueto heterogeneous

reactionson theflow tubewall andsignificantlyreduceswall lossfor speciessuchasHO2which

arereadilylost on thewall at coldertemperaturesrelevantto the lowerstratosphere.Thesimple

analysisof turbulentflow tubekineticsmakesthis techniqueidealfor investigatingreactions

importantin the lowerstratosphereat pressures(50 - 200Torr) andtemperatures(200- 240

Torr) characteristicof thisregionof theatmosphere.In aneffort to developageneraltechnique

for the investigationof HO2reactionkineticsat temperaturesandpressuresof the lower

stratosphere,aturbulentflow tubereactorwith tunablediodelaser/astigmaticmulti-passcell

detectionhasbeenconstructedandcharacterizedthroughmeasurementsof thereactionratesfor

HO2with 03andwith NO_.

2. TURBULENT FLOW TUBE REACTOR

Theinstrumentconsistsof atemperatureregulatedflow tubereactorwith movable

injectorthroughwhichHO_radicalsareaddedto themainflow containingthereactantgas. HO2

radicalsaredetectedby tunablediodelaserabsorptionusinganastigmaticHerriott multipasscell

[Kebabian,1994;McManuset al., 1995]into whichafractionof theflow issampled.A

simplifiedschematicof the instrumentisshownin Figure1.

Thereactoris a 2.5cmID Pyrextubewhichhasbeencoatedwith a thin layerof

halocarbonwax to reduceHO2wall lossandcanbetemperatureregulated.N_flowsof ~1300

SCCS(STPcm 3 s_) from a liquid nitrogen gas pack dewar pass through the tube and the majority

of this is pumped by a 28 l/s Busch pump. The pressure of the flow tube is maintained at 50 - 300
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Figure 1. Simple schematic of the turbulent flow tube reactor with

infrared tunable diode laser/multipass cell detection.

Torr. The HO 2 radicals (<1 x 1012 molecule cm "3) are generated in a movable injector. The HO 2

radicals are generated by reaction of 02 with H atoms which are produced by passing HJHe

through a 2.5-GHz Beenacker microwave discharge cavity. The reagent gases, NO 2 (7 x 1012 - 3

X 1014 molecule cm -3) and 03 (0.3 - 2.0 x 1016 molecule cm-3), enter the flow tube upstream of the

injector output. The final 25 cm of the injector is coated with halocarbon wax to reduce the HO z

injector wall loss.

A sampling tube with a 3 mm diameter orifice draws gas flow from the downstream end of

the flow tube into a 55 cm long, 8.5 cm ID multipass cell. The multipass cell is maintained at

pressures (5 - 25 Torr). The flow through the cell was 460 SCCS at a flow tube pressure of 200
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torr. The experimental conditions were constrained such that the amount of the reaction

occurring in the multipass cell relative to that occurring in the flow tube is as small as is practical.

Measurements were made with the diode laser multipassed 366 times for a total path

length of 201 m. HO z concentrations were determined by measuring the fractional absorption of

the HO z at a set of nearly coincidental lines at 1411 cm -1. The diode laser frequency is rapidly

swept via computer control at 1 kHz with 300 points over the full infrared transition line shape.

This scan rate is fast enough to reduce the impact of low frequency noise present on the laser

light. The data acquisition system can acquire and process this data stream at 100% duty cycle.

The HO2 production is modulated at 1 Hz by turning the discharge power on and the absolute

HO2 concentration is calculated by fitting the absorption feature to a Voigt profile.

3. FLOW PROFILE CHARACTERIZATION

Fully developed turbulent flow through a tube is characterized by a turbulent core flow

with a relatively flat flow speed profile with a thin, slow flowing laminar layer at the flow tube

wall. The flow tube lengths used here (10 - 55 cm) are not large enough for the development of

turbulent flow so two perforated Teflon "turbulizers" at the tip of the injector are used to even

out the flow around the injector and induce turbulence as the bulk of the carrier gas passes by the

injector tip and into the reaction distance of the flow tube.

Flow speeds were measured at the downstream end of the flow tube with a Pitot tube.

The Pitot tube was moved vertically across the flow tube cross section. The flow speed profiles

were measured at different injector positions because the flow turbulence is initiated at the tip of

the injector. A typical series of flow profile measurements made at different injector positions is

shown in Figure 2.

The flow profiles shown here are relatively flat with the flow speed dropping off slightly

near the flow tube wall. The profile appears the most flat when the injector is 20 cm from the

Pitot tube. The least flat profile is at the 10 cm position while the 55 cm position profile is closer

in shape to that of the 10 cm profile than the 20 cm position.



4000

3000-

E

'_2000

o
looo-

0

m

0
o

<> •

• 55 cm

• 20 cm

o 10 cm
i

I ' I ' I ' f ' I

-1.0 -0.5 0.0 0.5 1.0

Position (cm)

8

4000

3000

2000

1000

0

Figure 2. Three flow speed profiles made at distances between the injector and Pitot tube of 10,

20, and 55 cm. The Pitot tube measurements were made as a function of radial position

across the width of the flow tube with the 0 cm position corresponding to the center of the
flow tube.

The individual flow measurements for a given flow profile where averaged by area

weighting to determine a characteristic flow speed (uerr) for the prone. The ratio (uee/ubu_) of this

value and the average bulk flow speed (Ub_0 is plotted as a function of Reynolds number (Re) in

Figure 3. The data shown is for injector positions from 10 to 55 cm (in 5 cm increments) and at

295, 210, 225, and 230 K. An equation, UJUb._ = 1+25.7"Re °'66, was fit to the data at Re>3000

and is used to determine reaction time by calculating the bulk flow speed and Reynolds number
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Figure 3. Summary of the ratios of the characteristic flow speed (ueee)for a given profile to the
average bulk flow speed (ub_) plotted as a function of Reynolds Number. The solid

triangles represent measurements made at 210, 225, and 230 K. The plotted points are for

injector positions from 10 to 55 cm in 5 cm increments. There is no significant trend for
temperature, pressure, or injector position.

from the flow tube parameters of a given kinetic measurement. The ratio of the turbulent core

flow speed to the bulk flow speed does not vary much with Reynolds numbers greater than 3000.

The turbulent core flow speed is on the order of 10% +/- 5% greater then the average bulk speed.



4. HO_ + NO 2 KINETIC MEASUREMENTS

The rate coefficient for the HO 2 + NO 2 reaction was measured as a function of pressure

from 50 - 300 tort at 294 K and 88% N 2 and 12% He. This reaction is important to stratospheric

chemistry since it is part of a catalytic cycle which destroys odd-hydrogen radicals. Since this

reaction rate has been well studied previously [DeMore et al., 1997], it was chosen as a test case

to help validate the turbulent flow reaction technique over this pressure range.

The NO 2 was stored in a blackened 5 L Pyrex bulb with a cold finger. To eliminate any

NO or other nitric oxide contamination, 700 Tort of O 2 was added to the NO 2 in the bulb and ~20

hours later the NO 2 was condensed out in the cold finger of the bulb and the remaining gas was

pumped off. To eliminate instability of the NO 2 flow due to condensation and evaporation on the

needle valve, the cold finger of the bulb was inserted into a water bath maintained at temperatures

below the room temperature. The NO 2 flow was measured with a mass flow meter. The NO 2

flow meter was calibrated by diverting the NO 2 flow into a known volume and measuring the

pressure change with time. The vapor pressures of NO 2 in the flow tube were < 0.010 Torr

which resulted in negligible N204.

The HO z + NO z rate coefficients are summarized in Table 1 and shown in Figure 4

plotted as a function of pressure along with previous measurements. As can be seen from Figure

4, the rate coefficients for the HO2 + NO2 reaction measured here agree with the previous

measurements and the NASA Evaluation. This helps to validate the ability of this instrument and

experimental technique to measure HO2 kinetics over a wide range of pressures.

Table 1. Summary of HO 2 + NO z rate coefficient measurements made at 294 K.

Pressure (Torr) k (cm 3 molecule -1 s-1)

50 3.2 x 10 -13

101 3.8 x 10 -13

151 6.0 x 10 -13

201 7.0 x 10 -13

300 8.4 X 10 -13
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Figure 4. Plot of the HO 2 + NO 2 rate coefficient as a function of pressure for the measurements

made here along with previous measurements. The line shown is the NASA Evaluation

recommendation [DeMore et al, 1997].

5. HO 2 + O 3 KINETIC MEASUREMENTS

The reaction of HO 2 with O 3 is one of the key gas-phase reactions of the lower

stratosphere. It is the rate limiting step in an important catalytic ozone destruction cycle which

includes the reaction of OH and 03 to reform HO 2. This process is particularly significant in the

lower stratosphere because it destroys ozone catalytically without requiring atomic oxygen.

Recent measurements in the mid-latitude lower stratosphere verify the importance of this process,

finding that 30-50% of the ozone removal in this region proceeds through the HO x pathway
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[Wennberget al., 1994]. An equallyimportantaspectof thesereactionsis theirrole in the

determinationof thepartitioningof theHOxfamilybetweenOH andHO2. Thispartitioningis

largelycontrolledby theHO2+ 03,OH + 03, andHO2+ NO reactions.Thus,it is of critical

importanceto measuretherateof theHO2+ 03 reactionatstratospherictemperaturesand

pressuresandto reducetheratherlargeuncertainties[DeMoreet al., 1997]associatedwith the

rateof thisreactionat temperaturesnear200 K.

Theuseof theturbulentflow tubereactorhasallowedfor themeasurementof therate

coefficientfor theHO2+ O3reactionat apressure(300torr) morecharacteristicof the lower

stratospherethanthelow pressure(<10 tort) measurementsmadepreviously. It hasalsoallowed

for measurementsat lower temperatures(227- 208K) thanpreviouslypossible.This isdueto

thelowerHOzwall losses(10 - 15sa) at low temperatures(230- 205 K).

The03usedin thekineticmeasurementswasgeneratedbyflowing O2throughanozone

generator.Theresulting03/02mixturepassedthrougha ~3L glassbulbfilled with silicagel

submergedin ethanolcooledto ~-100°Candthe O3wastrappedin the silicagel. During the

kineticmeasurements,theO3wasremovedfrom thesilicagel trapbyelutingwith a flow of Nz.

The O3/N 2 mixture from the trap enters an absorption cell where the partial pressure of the O 3 is

measured by absorption at 253.7 nm in a 1.00 cm long cell (o253.7_= 1.15x10 -17cm2)[DeMore et

al., 1997]. The O 3 enters the flow tube upstream of the movable injector and the 03

concentrations in the flow tube were 0.3 - 2.0 x 1016 molecule cm -3. C2F3C1 (5 X 1015 molecule

cm 3) was added to the flow tube to scavenge the OH radicals produced in the HOE + 03 reaction

to prevent OH from reacting with 03 to reform HO 2.

The rate coefficient for the HO z + 03 reaction was measured at flow tube temperatures of

208 - 294 K. The results of these measurements are plotted together with previous measurements

of this reaction in Figure 5. At temperatures below 250 K there appears to be curvature in the

Arrhenius plot and an increase in the observed rate with decreasing temperature.

A comparison of the preliminary rate coefficient measurements [Villalta et al., in

preparation] made here with the NASA Evaluation recommendation indicates a difference of 50%

at the temperatures found in the lower stratosphere. An investigation into the validity of the

measurements with regard to the use of the OH scavenger at the colder temperatures is currently
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beingperformed.ExperimentswheretheOH scavengerconcentrationwasvarieddid not indicate

anydependenceof theratecoefficientmeasurementsonOH scavengerconcentrationexceptat

low scavengerconcentrationswheretherewasinsufficientscavengerto consumetheOH

produced.A kineticmeasurementof theHOz + O 3 reaction at ~210 K utilizing isotopically
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Figure 5. Arrhenius plot of our HOz + 0 3 measurements along with the previous measurements.
The line is the current NASA Evaluation recommendation.
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labeled 02(1802) , instead of the OH scavenger, is currently being attempted. If this measurement

agrees with the data acquired using the OH scavenger, a reassessment of the HO2 + 03 rate

coefficient at low temperatures appears necessary with potentially significant ramifications for the

modeling of ozone levels in the stratosphere.

6. NASA DATA EVALUATION PANEL ACTIVITY

During our current contract C. E. Kolb has served on NASA's Panel for Data Evaluation

as the panel's lead member responsible for heterogeneous processes. Due to his efforts on the

Heterogenous Chemistry section of the biennial review, Chemical Kinetics and Photochemical

Data for Use in Stratospheric Modeling has been completely revised and significantly expanded in

the twelfth edition. The Heterogeneous Chemistry section includes three data tables covering

Mass Accommodation Coefficients, Gas/Surface Reaction Probabilities, and Henry's Law

Constants for Gas-Liquid Solubilities, as well as text and extensive notes presenting background

and guidance for using the tables.
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